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The Technology Assessment and Research Branch of the Minerals Manage-
ment Service (MMS), United States Department of the Interior, is engaged in
a program of research and development to provide information on the perfor-
mance of offshore systems. As part of this program, MMS is sponsoring the
project "Assessment of Uncertainties and Risks Associated with the Dynamic
Behavior of Compliant Structures" under contract with the National Bureau
of Standards (NES). - o -

Compliant offshore platforms are significantly affected by the wind
environment. It is, therefore, necessary to examine the various uncertain-
ties associated with the specification of wind loads. These uncertainties
may be classified as climatological, micrometeorological, and aerodynamic.

The work presented in this report was motivated by the need to assess
differences among aerodynamic test results for offshore structures cbtained
in different testing facilities. For simple structures, such as plane
trusses normal to the wind in smooth flow, composed of members with sharp
edges, a comparison among the classic results obtained at Géttingen1¢ the
results obtained at the National Maritime Insgitute, U,K.“, and those
obtained at the University of Western Ontario®, shows that the respective
aerodynamic coefficients differ by at most 15 percent or so. The question
arises whether in the case of a more complex structure, such as an offshore
platform, the variability of aerodynamic coefficients as a function of the
test facility being used might not be larger. The work presented in this
report provides useful, though not definitive, information on the basis of
which a tentative assessment can be made, for use in structural reliability
calculations, of this variability.

This work was made possible by the Minerals Management Service, which
provided through the National Bureau of Standards about two-thirds of the
support for the project, and by Cornell University, which provided through
internal funding about one-third of the support. Special thanks are due to
Exxon Production Research Company, Offshore Structures Division, which
provided the requisite information on the offshore structure being
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investigated, as well as valuable advice and criticism. In particular, the
capable and substantial efforts of Paul J. Pike of Exxon Production
Research Conpany are acknowledged with thanks.
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1 - O. Flachsbart, "Modellversuche Uber die Belastung von G:Ltterfachwerken
durch Windkrafte, Der Stahlbau, 7 (April 1934) 73-79. v

2 - R.E. Whitbread, "The Influence of Shleldmg on the Wind Forces
Experienced by Arrays of ‘Lattice Frames," Wind Engineering, Proceedings of
the 5th Intemational Conference, Ft. Collms, July 1979, Pergamon Press,
Oxford-New York, 1980. , . .

3 - P N. Georglou and B. J. Vlckery, "Wind Loads on Bulldlng Frames," " Wind

Engineering, Proceedmgs of the 5th International Conference, Ft. Collins, .
July 1979, Pergamon Press, Oxford-New York, 1980.
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DISCIAIMER

The statements and conclusion contained in this report are those of
the contractor and do not necessarily reflect the view of the U.S. Govern-
ment and, in particular, the National Bureau of Standards or the Department
of the Interior., Neither NBS or the contractors make any warranty, express
or implied, or assume any legal liability or responsibility for the accur-
acy, completeness or usefulness of any information, apparatus, product or
process disclosed or reépresent that its use would not infringe privately
owned rights. They accept no responsibility for any damage that may result
from the use of any information contained herein. The mentioning of manu-
facturers, professional firms, names, products, and the publication of
performance data do not constitute any evaluation or endorsement by the
U.S. Government, its agencies, or the contractor. It is done in a generic
sense to illustrate particular points, -« . - S :



ABSTRACT

-~ Two models, w1th scales of 1/250 and 1/500 of an offshore 011 p1atform
were tested in a w1nd tunne1 to obta1n statwc forces for var1ous w1nd
directions. Two peak wind velocities were used: 54 fps. and 108 fps The
measured shears and moments along wind were generally in reasonab]y good |
agreement with previous results obtained in a different wind tunnel using

larger models. The agreement for transverse forces and moments and for

torsion was not as satisfactory.
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INTRODUCTION

This report summarizes the results of an experimental project conducted

to evaluate static wind forces (shear,'overturningvmoment, and torsion) which

act on compliant offshore structures. Figure 1 shows the models which were

used for measurements in a wind tunnel located in the Department of Mechanical

and Aerospace Engineering at Cornell University. They represent scaled ver-

sions of the prototype shown in Fig. 2.

The study was needed because:

i)

iii)

The common analytical methods, using projected areas and drag

coefficients on single elements of a structure, are usually inac-

Curate when applied to large structures with irregular shapes, such
as offshore drilling platforms;

It has been previously shown (Refs. 1 and 5) that wind tunnel
studies can provide useful information regarding wind loads if
similarity criteria are satisfied (primarily geometric similarity of

model dimensions and wind profile, and, in some cases, Reynolds

_number) ;

Rehorted measurements of wind effects on this type of of fshore
structure (Ref. 3) are limited to a single scale, and were obtained

at é different wind tunnel facility. Therefore, a major objective

“of this project was to:

~a) provide additional expérimental verification of these brevi-
ously published results; and v ‘ ‘
b) to determine the sensitivity of the measuremehts to scale
effects at moderate and high Qind speeds, and‘to_the type ofli
wind tqnne] facility being uséd. iThis inforﬁation is |

| necessary fbr structural reiiability StUdiESw’v



CORNELL WIND TUNNEL

Figure 3 shows the Cornell Environmental Boundary-layer Wind Tunnel
(Ref. 4). The major sections of the tunnel are the mouth, the fetch, the test
section, the diffuser, and the fan/exhaust vane matrix.

The 32 ft. long fetch section is needed to develop a turbulent flow
boundary layer. It has a height-adjustable ceiling to minimize the effect of
blockage. The tests were run with cross-section dimensions of 3 ft. high by 4
ft. wide giving an area at the test section entrance of 12 ft.%2. Since the
10 ft. long test section is of the "open-jet" type (Fig. 3d), it permits
direct access from one side to the model during‘operation. The diffuser inlet
is designed to minimize this pressure difference and to provide a smooth
transition of flow betweeh the test section and fans.

The fans are arranged in a 3 wide-2 high matrix (Fig. 3b). They are the
- Buffalo Force Type "S" Adustax, Arrangement 4, Vane Axial Fans and are powered
by a 2-speed (1750 and 3500 RPM), single winding, variable torque motor. The |
fans are equipped with variable exhaust vanes which allow additional control
of the airflow and thus of the wind speed in the tunnel. They are located so

that the air is drawn rather than pushed through the tunnel. The maximum

speed with all 6 fans running at 1750 RPM and Vanes full-open, is 54 %
(37.5 mph). By switching to high-speed (3500 RPM), the maximum wind speed is

approximately 108 f% (75 mph). These two speedS‘ake denoted by LO and HI

speeds.

Wind Profile

For éngineering applications, the varﬁdtion of mean wind speed with

height. is commonly,representéd by a powek 1aw“profi1e

—

V(z) = V(z,) [ 21%
R ZR
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where zy = some reference height above the still water leve] and,is usually

taken as 10 meters (32.8 ft,), VYZR) = the mean speed at that height, and a =
an exponent which reflects roughness conditions. According to modeling
theory, geometric similarity requires that the exponent a used for wind tunnel
studies be the same as the one at the site under consideration (e.g., 0.1128
~for the Gulf of Mexico (3)), and the height in the tunnel be reduced according
to the model scale. Figure 4a shows normalized wind profiles in the Cornell
wind tunnel for both models for low speed.

To develop the necessary boundary layer and achieve the proper velocity
profile, wind spires were placed upstream from the test section (See Fig. 4b).
The base/height ratio of each individual spire, spacing, and distance upstream
determined the exponent value. The dimensions of the spires and their loca-
tions depend on the scale of the model and were determined using formulas in
Ref, 2. Additional floor roughness was achieved by using a wire mesh attached
to the floor (See Fig. 3c or 5e) between the model and the spires to simu]até
a calm sea (5-10' swells) and to aid in refining the lower portion of the
velocity profile near the floor.

The in-tunnel wind speeds were measured at various heights using a "hot-
wire" anemometer. Series of measurements were taken across the test area
cross section (trahsversé fo the flow). fhe measurements were made at the
centerline of the model location and at 6" to the Jeft and right of the cen-
terline. The meter was checked and calibrated using a pitot/bourdon tube
device. The measurements are summarized in Table 1 for the small (SM) and
large (LG) models and LO speed. The table gives exponents a and the geometri-
cal characteristics of spires. It also shows that there are differences

between the wind speed profiles used in the Cornell and Western Ontario



tunnels. These d1fferences may affect the values of shear and moment coeff1-
“cients but their pract1ca1 1mportance cou]d not be determined. |
Models

The ‘structure chosen for study was a typical examplé of the new genera-
‘tion of compliant structures which have already proven to be efficient both
structurally and economically in deep-water oil fields (typically 1000'-2000"
“deep). Two simplified nnde]sdof the Exxon/LENA offshore oil drilling/produc-
tion platform were constructed at scales of 1:250 and 1:500 (hereafter ¢alled
LG. and SM, respectively), based on information in Ref. 3.

As Figs. 1 and 2 show, each model consists of a main deck (2-story), two
track-mounted drilling derricks, a relatively long flare boom, 2 small cranes,
2 crews quarters with roof mounted helicopter decks, drilling packages, and
tanks; also support columns, bracing, and wé11 condUctors, g]l of which extend
to the average water level. The approximate full scale configuration and
‘dimensions are shown in Fig. 2.

Since the object was to measure rigid body forces and not stresses in
bindividua1 members, inertial and material simi]drity was not keqUired. Dense
hardwood was used for the deck, quarters, mounting platform, and steel for the
support elements, drilling towers, and flareboom.

Due to the small scale of the models, some elements of the derricks,
boom, and column group were slightly oversized by about 10-15% to account for
a lack of smaller, more detailed members. However, the effect on the overall
drag and flow field in these regions is very small compared to that in the
bluff body areas (i.e., deck, quarters, helideck, etc.) which carry most of

the wind loads.

Load Effect Measurement Devices‘(FMD and TMD)

Two devices were designed and fabricated to measure forces:



1) The force-measurement device (FMD) for overturning moment and
- shear; and
2)vThe torsion-measurement device (TMD) for torsion about the
vertical centerline axis of the deck/support column group.
They are shown in Figs, 5 and 6, and their development was based on elementary
structural mechanics concepts. The devices were composed of simple canti-
levers and electrical strain gage balances to determine forces.

FMD. To measure overturning moments and shear forces, strain gages were
placed in series (tension and compression) in a half-bridge circuit, and in
orthogonal directions (along and transverse to wind) at two heights along a
vertical, wooden cantilever with rectangular cross section. A wooden circular
platform upon which the model rests was attached to the top 6f the cantilever
whose lower end was fixed. The platform was calibrated with "pegholes" at 10°
intervals from O to 180° with respect to the wind direction and the model can
be rotated on it, the platform/cantilever remainingvfixed. This is different
from conventional devices, such as that used in Ref. 1, which rotate along
with the model and measure wind effects along the model axes. It permits dir-
ect measurement of drag and moment forces in the direction of the wind and
transverse to it; no vector resolution or axes transformations are necessary.
However, the FMD is somewhat sensitive to errors in readings at the upper
strain gages. These errors can be significant for orientations of the plat-
form other than 0° and 180°, due to effects of torsion. As in Ref. 3, these
effects are not always zero at 0° and 180° but are negﬁigib]e for these wind
directions. Torsion affects less the measurements at the bottom strain gages
because bending takes on much Targer values at these gages. -

Two techniques were used to eliminate effécts of torsion: (1) aﬁ averag-

ing method which was applied to-éna]yze the small model. The method averages




B

vibrations; and (ii) a dervice which permits the FMD to move only in the
direction of the wind flow. As a result, effects of tqrsion were almost
eliminated. The device consists of a light channel which was mounted rigidly
on the FMD. The motion of the channel was guided by two pair of rollers
supported with a plate which was attached to the bottom of the wind-tunnel
floor. The device was necessary to control the vibrations of the large model
but was not needed in the analysis of the SM. Although the device is not
frictionless, it is characterized by very small friction forces.

The FMD (see Fig. 5) deflects under wind load thus producing voltages at
the strain gages which are then read by a data acquisition system. With
proper calibration, the voltage outputs may be converted to moments. The
forces produce a linear moment diagram and the shear may then be calculated
from the difference in the measured moments at the two heights (see Fig. 5¢).
The bending stiffness of the supporting column had to be relatively small to
assure high enough strains that could be measured with confidence but not too
small to avoid excessive Qibrations,

The FMD is fitted with adjustable Airpot damping devices in both princi-
pal directions to provide an additional mechanism for controlling vibrations.
The entire assembly is positioned below the tunnel floor such that when the
model is placed on it, the model's support platform is f]ush with the tunnel
floor (see Fig. 5d and 5e).

IMD. To measure'torsionaljmoments_about the vertical axis central to the
deck, the model was put on a different platform which could rotate about a
simple, almost frictionless vertical pivot; The rotation was restricted (to a
few degrees) by a thin, vertical steel strip element mounted radially to the
platform, aligned on the axis of the wind direction, and fixed at the other

Ie ]

522 Tig. 6). Strain gagas were mounted in series near the fixed end.

e
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few degrees) by a thin, vertical steel strip element mounted radially to the
platform, aligned on the axis of the wind direction, and fixed at the other
end (see Fig. 6). Strain gages were mounted in series near the fixed end.
When the model "twists" under a wind load, the element is bent and a voltage
produced at the gages. As with the FMD, proper calibration allows conversion
to torsional moments.

Instrumentation and Calibration

Standard, 1/4", A-7 type strain gages were used on the FMD and TMD.

Pairs of gages were connected in series, one in tension and one in compreséion
at the same elevation, in a half-bridge circuit to conventional Vishay Strain
Indicator and Switch/Balance units. The output was read by a Hewlett-Packard
3200 series data acquisition voltmeter. Vibration was a significant problem
because it resulted in large strain fluctuations of an approximate frequency
of 2-3 Hz. The problem was overcome by reading strains at a rate of 25 read-
ings/sec. and then averaging these data over periods of over 60 sec. In addi-
tion, dampers were used td attenuate the vibrations of the FMD.

The FMD and TMD were calibrated in the tunnel, before and after performing
each test, using a simple pu]ley/weight system to apply a known moment to the
cantilever element and then observing the voltage at each gage. Raw calibra-
tion data are available from the authors. ‘Ca1ibration was also applied to
validate the averageing method} For this purpose, the'pu11y/weight system
action was applied ex;entrica]]y to the model oriented symmetrically about
wind direction and calibration was executed. It was found that torsion has
significant effects on strain gage readings and that the averaging method
almost eliminates these effects. |

TEST PROGRAM

The primary objective of the experimental test program was to measure the

overall loads acting along and transverse to the wind direction, on two scale



DESIGNATION SCALE | SPEED (MPH/FPS) Re
SM/LO 1:500 38/55.7 1.10 * 10°
SM/HI | 1:500 75/110 2,18 * 10°
LG/LO 1:250 38/55.7 2.21 * 10°
Ref. 3 (comparison)| 1:120 34/50 4.13 * 10>
Full Scale " 1:1 34/50 4,95 * 107

Note: Re = VL/v = Reynolds number

Kinematic viscosity = 1.615%10-* ft2/sec
typical surface dimension (= 160 ft-full scale .

v
L

— -

mode1s and at two w1nd speeds. Three s1ze/speed comb1nat1ons, des1gnated

SM/LO SM/HI

and LG/LO were used; thus, tests were run at essent1a11y two

different Reyno1ds numbers as summarized below:

Typically, a test run consisted of:

setting up the FMD (or TMD) and attaching fhe model;

aligning model/FMD on tunnel axis; | .

zeroing electron1cs for data acqu1s1t1on,

1nputt1ng data acqu1s1t1on parameters - samp]e period, number of
gages to be read, and mode (bending or torsion); -

turning tunnel fans on; |

running sampling program;

releasing mode], phys1ca11y rotatwng it 10°, and refasten1ng it
(measurements were taken for all or1entat10ns on1y w1th SM/LO
case); |

repeating steps 6 and 7’unff1 mode] Had gone“thrpugpv180°
rotation; ' |
turning fans.off;

recording any e]ectronicbzero drift--under zero wimd 10ad;

calibrating FMD (or TMD) and performing corrections.



As the model was rotated, the center of mass also shifted (varying in
circular fashion); this induced a small sinusoidally varying moment into the
FMD which needed to be subtracted from appropriate readings tp get the true
~readings from the: wind load.. Corrections for zero drift were assumed to be
Tinear over the entire test. All corrections were made on raw voltages.
Then, corrected voltages were converted to forces using a data reduction
program written specifically for this application. Tempekature variations
were insignificant during experiments (approximately 1° F). Nevertheless,
compensating strain gages were used to eliminate any effects of temperature
variations on measurements.

Results

A convenient way of’presenting the results such that they may be used to
make design estimates, is to put the measured ]oads ip the fqrm of coeffi-
cients. When multiplied by»gppropriate area factors,‘the square of the ref-
erence wind speed, and the air density, they yieldvestimatesjof the full scale

Toads. The typical re]atiqnship for drag force and wind velocity is

1 T4
F = ]2 v C
0 12 pA (ZR)] 0

where p is the mass density of aiE, A = projected area, CD = drag coefficient,

and'V(zR) = the velocity at some reference height (160 ft. full scaTe, in our
case); The projected area for the énfife structure isxnot easily caTcu1ated
and also varies with the’orientation of the structure to the 'wind;’however,
the changing prbjeéted areas aré reflected in theidirect meésureméﬁt of |
forces. So a convenient way of presenting the drag coéfficient for the scale

model is




-10-

o oD
DTS
5 eVAy

where FD is measured and AR.is a constant reference area.' ‘The sane applies to

overturning .moment and torsion coefficients

. M
n T 1 =
_ E’pV-ARLR
= T
CT ) 1 372
-Z-PV ARLR

where M (or T) is measured and tR is a reference 1ength.

There are 5 Such'coefficients'nepneSentingyfhe shear (drag) fence‘éTong'
“the wind direction, the shear force transverse to the wind direction, the
overturning mement along, the overturning moment franSverse, and tersion’ebont
the center z axis. They are denoted, respectively, CDA’ CDT’ CMA’ CMT? CT,
and have a (+) sign convention as shown in Fig. 7. o ' '

The total shear (drag) is constant over the neight of the structure;
however, the overturn1ng moments are referenced to a po1nt 553" be]ow the
water level. This po1nt is ne1ther s1gnf1cant nor is 1t arbltrary, it s1mp1y
arises from the geometry of the FMD (see Fig. 5¢). In making a full sca]e
estimate nne need on]y know the moment and sheak at one,point to determine the
moment at any other po1nt of 1nterest (e 9. at the foundat1on/structure
1nterface) since- the gross moment d1agram due to w1nd 1oad is 11near. A1so,
it is not necessary to know the actual projected area of the structure; on]y

the scale ratio. Thus, if the coefficients were obtained for 1:500 sca]e_f
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model using Ap =1 ft.24and Lo = 1 ft., the full scale load for z = -553 ft.

would be:

Typical values are:

M = 377,000 CM (in k-ft.)

for o = 002231 122567 g Vi =52 L

The coefficients obtained from this project are shown in Fig. 8 and

Tables 2-6 as a function of structural orientgtion. In order to compare them

with those obtained in Ref. 3, which is based on A =1 ft, 2 R =1 ft .5 and

a scale of 1:120, the following reference areas/]engths were used:

120 ;12 120 .12 _
R " lzsg s 11 8 122 17 - 238 0
=100 & 110,y - g4 e
R ‘750 500

for the 1:250 and 1:500 models, respectively. Furthermore, the moment
coefficients for the small and the large models and those in Ref. 3 were
reduced to the same depth z = -553 ft based on a moment shear relationship..

To determ1ne full scale est1mates of design wind loads one should mu1t1p1y the



. =12-

s e SET A 1 T2, 0 e
coefficients in Fig. 8 or Tables 2-6 by E.pv A for drag and E-pV Adlr fpr

moment, in which AR = (120)2/ft. and LR = 120 ft. These reference values for
area and length correspond to the scale of the model in Ref. 3 taken as refer-
ence in this study. | -

Figure 8 and Tables 2-6 show the variation of the coefficients CDA’ CDT’
¢

G and C. with wind direction. Results aré based on experiments per-

MA® “MT® T
formed at Cornell University and Western Ontario University (aS reported in
Ref. 3). The tables also give percentage differences between Cornell and

Western Ontario findings. They are generally in the range 10-30% fdf a1ong
wind shear and bending moments acting on the SM but are smaller for the LM
(generally less than 15%). The differences becomeFIArgér for transVerse wind
effects. However, these differences are not critical for design because
across wind effects are very sma11;napbroxfhétéiy 5% of fhé along wind
effects. From Fig. 8(c) and Table 6, torsion coefficients vary significantly
with wind speed,kmodei'écale; and wind tunnel type.

Differences of such magnitudes as those found in this StUdy are not
uncommon in wind tunnel studies, see Ref. 6 for comparisons between pressure’
measurements on models varying in scale from 1/100 to 17/500.  The magnitude of
these differences depends on:

(1) model scale, 1:120 in Ref. 3 versus 1:500 (SM) and 1:250 (LG) in
Cornell experiments. Effects of model scale can be eva1uated, e.g.; from
Tables 2 and 5. They can be as high as 30% for some orientations. Note that
these affects can be affected slightly by/differences between wind speed
profiles; ‘ ce
| (i) wind speeds, 50 fps in Ref. 3 versus 54 fps (LO) and 108 fﬁs (HI) in

Cornell experiments;
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(iii) wind tunnel type. As prevzously ment1oned the Corne]] tunne1 is
of open-jet type, as it has an open test sect1on (Fig. 3a), wh11e the test
sect1on is closed at the University of Western 0ntar1o wind tunne?, and |

(iv) 1nherent exper1menta1 errors.' For example, errors in the
determination of the wind speed of 5% can account for 10% var1atlons in the
drag and moment coeff1c1ents From w1nd speed data in Tab]e 1, such errors
are not un11ke1y to occur. The uncerta1nty in ca11brat1on factors can also
1nf]uenceadverse]y measurements, partwcu]ar]y the 1ocat1on of the center of
wind pressures. For examp1e, 2% and -2% errors 1n the ca11bratlon factors of
the top and bottom strain gages result in drast1c changes of the w1nd pressure
center, from 95 ft above the st111 water Tevel at & = 90° to 140 ft (+47%
error). On the other hand, the errors in bending moment and shear are
respectively -2% and -8%. S1m11ar results can be found for a]l other
directions.' It can be conc]uded that the FMD prov1des very accurate
measurements for bend1ng moments and sat1sfactory read1ngs for shear forces.
However the 1ocatlon of the center of wind pressures 1s less accurate For
the SM/LO case, it varies from 80 ft to 216 ft. The e]evat1on of the center
of wind pressures increases steadily with 6 for orientations 6 > 90° due to
effects of uplift fonces.

CONCLUSIONS | ‘ . :

Two models, with scales of 1/250\andfl/500,;of an‘offshore'drilling
platform were tested in a wind tunnel to obtain static forces for various
angles of the wind velocity. TWo'wind velocities were used' 54 fps and
108 fps (37 5 mph and 75 moh) The measured shears, moments, and twists were
found to be in reasonably good agreement w1th prev1ous results obtained in a
different w1nd tunne] u51ng larger models

1t was found that
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i) along wind drag and moment coefficients determined from experiments
performed in the Cornell and theIWestern Ontario wind thnne]s depend similarly
on wind direction. However, the magnitude of these coefficients differ
generally by 10 to 30% for the SM and less than approximately 15% for the LG;

ii) differences were noted between transverse and torsional coeffici-
ents obtained from the Cornell and the University of Western Ontario wind
tunnels. These differences were not fully understood. Errors in measdrements
may have significant contributions because theseléffects have generally small
values. The magnitude of these errors is difficult to assess;

ii1) the variation of the drag coefficients with model scale and wind
speed{Tab]es 2 and 4) suggests that these coefficients depend to some extent
on the Reynolds number over the range of values considered in Ref. 3 and in
this study; and

iv) thé differences between wind effect coefficients obtained from
experimental studies in the Cornell and Western Ontario wind tunnels suggest
that there is a sizable uncertainty in these ;oefficients. This uncertainty
should be incorporated in design to assure a realistic representation of wind
effect.
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1
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**% Table l.- Wind Speeds  (in meters/sec) #*%*

Size/Speed M/LO LG/LO
HT (INS) |LEFT CENTER RIGHT ||LEFT CENTER RIGHT
0+ 7.9 7.7 7.8 8.7 8.5 8.6
1.5 12.3 12.1 12.2 [|13.0 13.0 12.9
2 12.8 12.7 12.6 13.6 13.7 13.7
3 13.7 13.7 13.5 13.9 13.9 13.9
4 14.9 14.9 15.0 14.9 14.9 15.0
5 15.7 15.6 15.6 15.1 15.2 15.3
6 ‘116.2 16.2 16.1 15.3 15.3 15.5
7 16.5 16.5. 16.5 15.8" - 15.8 15.7
8 16.7 16.7 16.6 16.2 16.1 16.0
9 16.8 16.8 16.7 16.3 16.3 16.1
10 : 156.6 16.6 16.4
0.152 0.130
1.0" : 2.0"
. s ’
e 10.5 21.0°
CoA T
j‘,:ji_:h 45" 9.0
=
1 m/sec

= 3.28 fps
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" Table 2. -- SM/LO Along Wind -

Cornell Tests ‘Ref. 3 Differences (%)
Orientation — _
8 . CM 1 CD CM CD. CM CD
0 10.70 | 1.99 | 8.21 1.50 30 33
10 11.18 | 2.12 | 8.41 | 1.52 33 39
20 11.69 | 2.14 | 9.25 | 1.68 26 27
30 12.19 | 2.14 | 9.98 | 1.81 22 . 18
40 12.70 | 2.29 |10.43 | 1.89 22 21
50 12.67 | 2.23 }10.36 1.88 22 19
60 12.14 | 2.16 | 9.85 | 1.78 23 21
70 11.51 | 2.06 | 8.96 | 1.61 28 28
80 10.03-} 1.90 | 8.13 | 1.47 23 29
90 9.52 1.76 | 7.81 1.42 22 24
100 10.27 1.89 8.28 1.49 24 27
110 11.46 | 2.06 | 9.28 | 1.66 23 24
120 12.11 | 2.01 {10.28 | 1.83 18 10
130 12.80 | 2.12 }10.92 1.92 17 10
140 12.86 2.04 111.77 | 2.08 9 -0.02
150 12.86 | 2.09 |11.46 | 2.00 12 5
160 12.04 | 1.88 ]10.45 1.80 15 4
170 11.25 | 1.85 |10.14 | 1.73 11 7
180 11.31 | 1.86 |10.23 | 1.75 11 6

‘Table 3. -- SM/LO Across Wind

Cornell Tests Ref. 3 Differences (%)
Orientation
8 CM CD CM CD CM CD
0 -0.03 |-0.15 |-0.16 |-0.04 19 375
20 0.83 0.02 |-0.53 |-0.08 157 400
40 0.44 | 0.19 }{-0.51 }-0.08 14 238
60 0.38 | 0,01 {-0.24 }-0.04 58 400
90 0.20 | 0.05 | 0.11 0.04 82 25
120 0.30 0.11 0.87 0.14 66 21
160 1.68 0.20 1.43 0.24 17 20
180 1.80 0.12 0.00 0.00 -— -—-
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Table 4. == SM/HI Along Wind

qunel] Tests -Ref. 3 Differences (%)
Orientation .
° R I T R VI (R B
0 9.73 1.95 | 8.21 1.50 19 30
180 110.61 | 2.27 110.23 | 1.75 4 1 30

Table 5. -- LG/LO Along Wind

Cornell Tests Ref. 3 Differences (%)
Orientation
8 CM CD CM» CD CM CD
0 8.08 | 1.52 | 8.21 1.50 2 1
20 9.40 1.76 9.25 1.68 S 2T 1
40 10.23 1.88 110.43 1.89 2 5
60 10.31 1.94 9.85 1.78 5 1
90 8.41 1.62 7.81 1.42 8 14
120 11.61 2.08 (10.28 1.83 13 14
160 12.02 2.20 110.45 1.80 15 22
180 11.42 | 2.08 [10.23 | 1.75 12 19
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Table 6. -- Torsion Coefficients

Cornell Tests

Orientation - Ref. 3
6 SM/LO |SM/HI {LG/LO
-0 - 0.00 | 0.08 | 0.08 |-0.02
10 0.01 { 0.08 | 0.08 [-0.05
20 0.06 0.15 0.18 }-0.03
30 0.13 | 0.31 | 0.39 | 0.02
40 0.22 | 0.47 | 0.53 | 0.08
50 0.30 | 0.53 0.65 | 0.14
60 0.37 | 0.60 | 0.68 | 0.21
70 0.38 | 0.60 | 0.67 | 0.23
80 0.34 | 0.54 | 0.56 | 0.19
90 0.28 | 0.47 | 0.49 | 0.17
100 0.29 | 0.50 | 0.48 | 0.17
110 0.29 | 0.49 | 0.53 | 0.18
120 0.27 | 0.53 | 0.57 | 0.22
130 0.24 | 0.50 | 0.55 | 0.25
140 0.19 0.43 0.51 0.28
150 0.16 | 0.38 | 0.48 | 0.30
160 0.10 | 0.28 | 0.38 | 0.28
170 0.04 | 0.14 0.20 | 0.16
180 -0.06 {-0.06 0.04 | 0.00




(a) Small (SM) | b) Large (LG)

| (c) Both (large model is not comnleted)

Fig. 1 Photos of Models
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Fig. 7 Sign Convention
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